Peter Nye was at the forefront of research in plant and soil sciences for over 40 years. He began his career in West africa in the 1950s, where he did seminal work on the soils under shifting cultivation systems of agriculture. He spent the rest of his career in Oxford, where he pioneered research on the complexities of the plant root-soil interface and mathematical modelling of plant and soil processes.
retrospect thought three years of undiluted chemistry provided too narrow a scientific education. However, he found his tutor, ronnie Bell (FrS 1944), excellent and he responded well to the tutorial system. He was President of the Balliol Junior Common room and, with two other Balliol undergraduates, founded the Cosmos Society, which rapidly became the largest current affairs society in the university. Its first president was gilbert Murray, and it was addressed by many distinguished speakers including the prime ministers in exile of countries that had been overrun by germany. For Part II of his degree he spent his fourth year working on the rate of corrosion of iron wire in delayed-action detonators, in support of the war effort. He was therefore exempt from call-up. He successfully submitted his Part II thesis for a BSc research degree (now MSc) in 1944. He could have gone on to do a DPhil, but had had enough of chemistry laboratories and wanted to use his science in a wider field.
He therefore applied to the Colonial Office for a post he saw advertised for an agricultural Officer. He was advised by his interviewers that he was better qualified for a specialist post, with the same rank but with the addition of doing research. He therefore applied for a post as agricultural chemist and was accepted. He was first sent on a special two-year preparatory course arranged by the Colonial Office. the first year was at Cambridge (Christ's College) to do the standard one-year course on agriculture, mostly relevant to the uK. In the second year he was sent to various institutions with soils expertise: the Macaulay research Station in aberdeen, rothamsted research Station in Harpenden, and the Soil Survey group at the Bangor College of the university of Wales. these three institutions included many of the senior soil scientists working in the uK at that time.
WeST aFrica
Peter was then appointed by the Colonial Service as the agricultural Chemist to the gold Coast (now ghana). as the only agricultural chemist, he was responsible for all aspects of the subject in a country the size of great Britain in area, though not in population. there had been few soil scientists employed in British West africa up to that time, the best known being Dr Harry Vine, then with the Soil Survey group at Ibadan. Peter arrived in the gold Coast in 1947 and began to study the nutritional balance of crops and the effects of fertilizers in field experiments in various parts of the country, both in the savannah and forest regions and on all the major soil types. these field experiments were among the earliest ones performed in that country with modern statistical techniques. He published ten papers on the fertilizer responses, nutrient status and soil types of the gold Coast from this work.
after three years' service, in 1950 he resigned to take up a post as lecturer at the new university College of Nigeria at Ibadan, where he gave the first regular courses on soil science to be held there. During this period he developed research into the pedology and formation of local soil types on granitic gneiss. In 1952 he moved to the university College of the gold Coast at Legon near accra, as Senior Lecturer.
Peter therefore gained wide and detailed experience of the soils and agriculture of British West africa. His first research subject was the pedology and genesis of some of the major soil types in Nigeria, using the information and experience from his work with fertilizer experiments, and fitting these results into the then recent concept of the 'catena'. the papers he published on this work showed great insight, and recognized the importance of the faunal population, in particular the termites. the other main line was the importance of ferric oxide as a constituent of many tropical soils. He also was able to conduct studies on the perennial problem of the 'availability' of soil phosphate to plants, using radioactive isotopes that were then very exceptional as soil science research tools in West africa. While engaged on work in West africa he obviously had to work in the field and travel extensively.
after his return to the gold Coast his research moved on to studies of nutrient circulation under crops and forest vegetation. this was based on the fact that the presence of sufficient nutrients in the soil is essential for arable agriculture, and that this was normally at that time provided by the felling and burning of the existing forest, in the system of shifting agriculture that was then typical in West africa. Peter raised understanding of this system to a high scientific level in collaboration with Dennis greenland (FrS 1994) . this resulted in a wellknown and still widely cited book The soil under shifting cultivation (1)*. this was a truly seminal work and the questions it raised and developed are still the subject of active research. It is highly relevant to the science of land use and global climate change, in addition to the general improvement of tropical agriculture. this is the essential problem that agriculture has to face: as population increases, the intervals between cropping and fallow become smaller and smaller, and the soil becomes exhausted of nutrients and hence degraded.
Peter had a strong and well-informed interest in the history and culture of the territories that he worked in. He was the principal founder of the West african Science association and was its secretary from 1954 to 1958. He was involved in the teaching of soil science in the Faculty of agriculture, and also helped to form links with work in the French-speaking territories and in Nigeria.
Vienna
Peter was happy in ghana both socially and in his work, and hoped to remain there for several years. But early in 1960, plans for the future of the faculty led many members of the academic staff to feel uneasy, so when he received an unsolicited invitation to take up a post in the atoms for Peace project at the International atomic energy agency in Vienna, he decided to accept it. He spent only one year in Vienna, during which he was able to improve his knowledge of radioisotope techniques and how these could be used in soils research. While with the Iaea he went on an extended mission to the Caribbean and Central and South america to assess applications for funding. While doing this, there was a coup in guatemala, and he was confined to his hotel room. However, the new regime decided that they also wanted to get atoms for Peace funding, and he was rapidly freed and given VIP treatment. He went on a similar mission to yugoslavia, as a result of which a project was set up, which he continued to monitor for some years after he had moved to Oxford.
oxForD
He left Vienna in September 1961 to take up the position of reader in Soil Science and head of the Laboratory of Soil Science in the (then) Department of agricultural Science at Oxford. this suited him extremely well. It gave him plenty of time and support for research, the administrative duties were generally light, and it was in his old university. the laboratory had a long history of largely descriptive pedology and contained a vast collection of soil profiles. the previous reader, Dr r. Kenworthy Schofield, was a noted physical chemist who advanced the field of soil chemistry considerably. But he had been in the post for only five years, not long enough to develop his plans for the laboratory fully, before his untimely death, which created the vacancy that Peter filled. Peter therefore had to build up the research work of the laboratory through his own group. there was no particularly valuable equipment available, but he was usually able to obtain whatever was essential for the research. the radioisotope facilities would be judged very primitive nowadays, and there was a very visible crack right down one side of the building through which one could see daylight. Despite this, the building proved a very good incubator of ideas and results. Philip Beckett was university Lecturer in Soil Science in the department, and was an active researcher, but he always remained with an independent group. Bernard tinker was also university Lecturer in Soil Science and was a close member of Nye's group. He brought to the group related studies on mycorrhizal fungi; he later left for a chair at Leeds university and took these studies with him.
Peter's main lines of research in Oxford were based on the application of physical chemistry and mathematics to soil science, with the main focus being the narrow region of soil that is directly modified by plant roots, the rhizosphere. It was the first time that the conditions around the root had been described and studied in quantitative detail, including in particular the soil processes of transport governing the delivery of nutrients and other solutes to root surfaces. Soil is an exceptionally difficult material for exact quantitative experiments, because of the irregular structures and pores, the variety of organic and inorganic materials and a general lack of homogeneity. No complete programme was laid down for the research at the beginning of Peter's time at Oxford. However, it expanded in scope as more and more complications and variants became apparent, and he managed the expanding research with foresight and care. Four main phases can be distinguished: studies of solute diffusion in soil; solute transport to and uptake by root systems; other processes in the rhizosphere; and modelling other processes in soil.
Solute diffusion in soil
Peter and his co-workers made great progress in elucidating the mechanisms of ion diffusion in soil. Diffusion is central to the nature and properties of soils, as well as to the uptake of nutrients by plant roots, where it occurs simultaneously with convection of solutes towards the root in the transpiration stream. the group studied diffusion with convection, self diffusion versus bulk diffusion, diffusion with simultaneous reaction, and coupled diffusion of multiple solutes. On the basis of these studies Peter developed a theory of diffusion in soil that has become a central pillar in the mathematical modelling of soil processes. the theory is based on the idea that soil can be treated as a quasi-homogeneous body to which it is possible to apply Fick's first law: F = −D dC/dx, where F is the diffusive flux of a solute in direction x in response to a concentration gradient dC/dx, and D is a diffusion coefficient, defined by this relation. this treatment is legitimate as long as the soil volumes of interest are large enough to average across micro-scale variation in soil surfaces and pores, as, for example, at the scale of solute depletion zones around plant roots. Peter showed that for many practical purposes the diffusion coefficient D can be found from the simple relation
where D L is the diffusion coefficient in free solution, θ is the soil liquid content by volume, f is an empirical impedance factor for tortuosity effects in the soil pore network, and the derivative dC L /dC describes the distribution of the solute between the soil solution, in which it is mobile, and the soil minerals and organic matter, in which it is largely immobile. this was termed the Nye diffusivity by Professor garrison Sposito of the university of California, Berkeley (Sposito 1989 ). the theory was tested exhaustively against experiments in which the components of D could be measured independently of measured fluxes and concentration gradients. this therefore gave a rigorous test of the theory. this was all done with simple apparatus, typical of Peter's approach.
an important application of the theory is in predicting how pH changes are propagated through soil. the sources of pH changes in soils and their effects are legion, including additions of lime or fertilizers, emissions to or deposition from the atmosphere, and also processes around plant roots, as discussed below (in the section in processes in the rhizosphere). Peter devised a theory with which to predict the rate and spread of pH changes near sources of acid or base in soil. the theory is based on the idea that pH changes are propagated by the movement of protons, but because free protons do not exist in solution, their movement is by transfer between conjugate acid-base pairs: the acid from a region of low pH to high and the base in the opposite direction, with simultaneous reaction of the acid and base with soil surfaces. Peter showed that in most instances the main acid-base pairs in soils are H 3 O + -H 2 O and H 2 CO 3 -HCO 3 − (derived from CO 2 in the soil air), although in special cases other pairs are important and can be allowed for. For the general case, the 'soil acidity' diffusion coefficient, D HS , defined by the relation F HS = −D HS dpH/dx, is given by
where [HS] is the concentration of titratable acidity in the soil, and the inverse of the derivative dpH/d[HS] is the soil pH buffer power, which is often constant over the relevant pH range and time in spite of the many organic and inorganic groups that can be involved. this equation predicts that in the pH range 5-6, where the concentrations of H 3 O + and HCO 3 − are both low, the soil acidity diffusion coefficient passes through a minimum value, and consequently steep pH gradients arise. a model that Peter developed based on this theory showed that the pH in the rhizosphere of a soil with an initial pH of 5-6 could be as much as 1 unit lower or higher as a result of H + or HCO 3 − release from the root, whereas in soils with pH lower than 4 or higher than 7 the change would be much smaller. this has important implications for nutrient solubility and other processes in the rhizosphere (see below). Peter showed with experiments that these predictions were essentially correct. as for the main diffusion theory, the theory for the propagation of pH changes has since been fully corroborated with experiments.
the work on solute diffusion is summarized by Nye (3) and by tinker and Nye (5). Students and postdoctoral researchers involved included eric Farr, Chris Mott, M. ramzan, David rowell and Vaidy Vaidyanathan.
Solute uptake by plant roots
Peter's work then progressed to develop a quantitative description of solute uptake by plant root systems. at the time it was not clear what hindrance to uptake was posed by transport of the various nutrient elements to absorbing root surfaces. gradually the work expanded to include other processes that occur near the root and may influence local transport and therefore nutrient availability. the concepts and theory of transport developed in the earlier work were applied to plant roots singly, in clusters, or as whole root systems with various patterns in the soil, to investigate the degree of inter-root competition. Plant root morphology was shown to be important, in particular root hairs, root age, and root size and distribution. transpiration and the resulting changes in water distribution in the soil around the root were also investigated, and it became clear that mass flow (convection) and diffusion were the only true transport processes, but that these could be modified by many factors in the rhizosphere.
In this work, as in his work in general, Peter was driven by a conviction that it should always be possible to understand a process or system well enough to develop predictive mathematical models of it. He was early to see the potential of computers to advance this. Mathematical modelling is now a standard part of the natural scientist's tool kit. However, in the late 1960s, when Peter began his work on soil-plant systems, this was all very new. He drew a parallel between the challenge of modelling plant growth and uptake with that of climate modelling (4). He pointed out that, in the 1970s and 1980s, weather prediction was still done by the 'synoptic method' in which predictions were made by comparing current observations with historical patterns. It is now of course done with sophisticated mathematical models based on first principles and the laws of conservation of mass and energy. Peter reasoned that it should be equally possible to do this for plants and soil; it was just a matter of application.
the one important field of research that might have been expected in the laboratory was the actual mechanism of ion uptake into the root cells, in 'active uptake', a concept developed by e. epstein, a. Lauchli and others. this clearly needed development, and at one stage Peter considered seriously whether the research of the Soil Laboratory should be expanded into this subject, but after discussion it was eventually decided that there were too many uncertainties. Later work based on molecular biology showed how very complicated these processes are, and it is unlikely that the group could have made much progress until after these complex biological subjects had developed much further. However, a great deal of biological knowledge was gained about how the nutrient demand of plants was expressed at various levels in different parts of rooting systems. these were not the simple sinks thought earlier, but varied with position, weather, nutrition and many other factors. all this work is summarized in the seminal book Solute movement in the soil-root system by Nye and tinker (2) and its revised edition (5). Students and postdoctoral workers involved in the research included rodney Bagshaw, John Baldwin, Sam Bhat, John Brewster, Malcolm Drew, richard Dunham and Francis Sanders.
Processes in the rhizosphere
With time, the group moved on from a largely physicochemical treatment of nutrient ions in plant-soil systems to encompass biological processes more explicitly. this followed the realization that, in many cases, plant roots are not just passive sinks to which nutrient ions are delivered by mass flow and diffusion, but they often also have a much more active role in nutrient acquisition. the research developed into studies of varying modifications of the rhizosphere, such as the effects of secretion by roots of organic compounds that can act as chelating agents, enzymes and pH buffers. a particular focus was the extent and importance of pH changes induced in the rhizosphere by roots. the group showed by experiment and modelling that, as a result of imbalance between the intake of cations and anions by the root (largely depending on the source of nitrogen as NH 4 + , NO 3 − or N 2 ), and export or import of H + ions to maintain electrical neutrality, the pH in the rhizosphere could be as much as 1-2 units lower or higher than in the bulk soil. they further showed that such pH changes could radically increase the solubility and hence uptake of sparingly soluble nutrients, such as phosphate, and that in many cases plants rely on this mechanism for the bulk of their phosphate.
In other work, mycorrhizal hyphae were shown to be important transport vehicles for phosphate and some heavy-metal ions, and to raise the flux of these ions to a level above what the physiochemical mechanism could provide. It now seems clear that various free-living microbes in the rhizosphere also have effects on uptake, but much remained to be discovered because of the difficulty of working under sterile conditions, and very little work was done on specific free-living microbial systems. the importance of the specific complexing compounds produced by roots, the phytosiderophores, was not clear until after Peter had ceased active work.
Virtually all of the mechanisms of enhanced uptake within the rhizosphere that had been suggested in earlier years were eventually shown, in work associated with Peter Nye, to have an influence on plant ion uptake. these included plant root exudates as complexing agents, root surface pH changers, redox changers, microbiological modifiers, and controllers of mycorrhizal symbioses. this was very different from the earlier concept of roots simply absorbing nutrients from the surrounding soil. an expanded version of the earlier book was published (5), which included the allocation of carbon to roots, mycorrhizal effects, the modelling of whole plants growing in soil, and an approach to modelling whole crops in the field. Students and postdoctoral researchers involved in this work included Peter Darrah, Mike Hedley, guy Kirk and Hilary Moorby, and Bob White, Lecturer in Soil Science. the total result of this programme was to lay the foundations for quantitative understanding of the interactions of roots with surrounding soil.
Modelling other soil processes
the fourth phase of his work at Oxford involved applying the concepts and theory from the earlier work to the behaviour in plant-soil systems of fertilizers, pollutants and other materials added to soils. this included such diverse topics as the dissolution of particles of lime and rock phosphate in soil, volatilization of ammonia from sources of nitrogen, volatilization of organic liquids in soil, and the movement and reaction of pesticides, radionuclides and other contaminants. the chemical reactions of phosphate, ammonium, nitrate and other ions during transport in the soil were studied, taking into account the consequent pH changes around the roots, and their effects on the uptake of ions. Students and postdoctoral workers involved included andrew ameloko, guy Kirk, rachhpal Singh and Siobhan Staunton, and a regular visiting academic from the Volcani Center in Israel, Bruno yaron.
In this work, as in the previous work, the driving idea was the need for predictive, quantitative models based as far as possible on underlying mechanisms. Peter's conviction was that, for the global problems of food security and preserving the environment, traditional field methods using statistical procedures to establish empirical relations between variables were inadequate. Such methods had been used very successfully in the past, for example in deriving fertilizer recommendations based on field trials covering the various combinations of crops, soils and climates. However, for emerging biological and other technologies, and environmental problems, Peter considered this approach had both practical and scientific limitations. the main practical limitation is that with statistical correlation, predictions can be made only by interpolation within established data sets. each new problem therefore requires a new set of trials and the establishment of new empirical relations. Considering the diversity of emerging technologies and environmental problems and the rapid pace of change, this is impracticable. the scientific limitations are that statistical relations are not cause and effect, and they are poor at revealing the sorts of nonlinear relations and feedback processes that are common in natural systems. the way forward was to base models on a mechanistic understanding of underlying processes. Peter's work contributed greatly to making this approach feasible.
In summary, Peter Nye's work at Oxford demonstrated his purposeful and logical approach to a research topic. It is remarkable to see such a dedicated pursuit of scientific goals that expanded into several important areas: crop nutrition, the chemistry of nutrients and pollutants, the transport of ions and water in soil, the importance of water relations in the rhizosphere, and many more. all the linked subjects were studied with elegance and insight, and with beautifully designed experiments, but they usually employed basically traditional methodology, except for the frequent use of radioisotopes and the development of mathematical models. this body of careful and exact research, expanding to cover more and more related subjects, is deeply impressive. It shows a remarkable ability to focus narrowly on the immediate objective without losing sight of the broad implications and opportunities. It is a truly impressive corpus of work. PerSonal liFe throughout his life Peter was a polite and considerate person. His attitude to undergraduates was understanding and tolerant, so long as they worked at a reasonable pace. He was more demanding with research students and workers, and at least some of these were nervous before showing their results to him. His high standards in research and in writing were there for them to follow, and he expected them at least to try to meet the same standards themselves. His own speech and writing was logical and beautifully expressed-the writing is always a pleasure to read.
In 1948 Peter married Dorothy Margaret Sophia aron, who at first accompanied him to West africa, but they were divorced after four years. When he moved to Legon, he met and married (in December 1953) Phyllis Mary Quenault, who was his wife for 55 years. Peter and Phyllis had a lovely old house in Old Marston and later a house at Beckley on the edge of Otmoor. their hospitality was always memorable and generous, with wide-ranging discussions. they had three children, Isobel Jessie (7 May 1955), Philip David (5 December 1956) and Vivien alice (23 June 1960 to 4 January 2000), all born in accra. Isobel became a historian of science and is a research associate of the Oxford dictionary of national biography. Philip trained as an engineer and worked for a short while as a contemporary dancer before returning to engineering as a consultant in electronics and software design. Vivien became a computer programmer, ending up as head of Information Services for Boots group. each produced two grandchildren. Peter was a keen sportsman when younger. He achieved half blues for tennis and squash for Oxford. However, cricket was his great love and he played for his college, although never for the university. While in West africa he played regularly for clubs and was chosen for the national teams of both the gold Coast and Nigeria, and on his return to Oxford he continued to play for the departmental team. He also sailed, although not competitively, and when living at Marston took up canoeing on the nearby Cherwell, taking his family on canoe/camping holidays in the shorter vacations. unfortunately in the early to mid 1970s (when he was in his fifties), he developed osteoarthritis in his back and had to spend part of each day lying down, for which purpose he introduced a couch into his room and continued to work from there. Later still, after his retirement, he began to lose his sense of balance, and had some minor falls when cycling. Nevertheless he continued taking cycling weekends and holidays with Phyllis until 1998, not long before he had his first stroke. at all times he bore his discomfort and pain bravely, and with little complaint. He also had glaucoma, and in his last years was completely blind in his left eye and could see very little with the right.
Peter Nye was an outstanding scientist and an outstanding man. He occupied a unique position in the British and world soil science profession. He advanced his subject greatly, and left quantitative soil science far stronger than when he first studied it. acknoWleDGemenTS the help of Mrs Phyllis Nye, the wife of Mr Peter Nye, in producing detailed material from Peter Nye's life was invaluable, and greatly improved the final result. Professor Kirk used the reference Manager system for organizing material. We consulted many other friends and students of Peter Nye.
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